Nitric oxide (NO), a signal transmitter involved in inflammation and regulation of smooth muscle and neurons, seems to cause mutagenesis, but its mechanisms have remained elusive. To gain an insight into NO-induced genotoxicity, we analyzed the effect of NO on a panel of chicken DT40 clones deficient in DNA repair pathways, including base and nucleotide excision repair, double-strand break repair, and translesion DNA synthesis (TLS). Our results show that cells deficient in Rev1 and Rev3, a subunit essential for DNA polymerase Z (PolZ), are hypersensitive to killing by two chemical NO donors, spermine NONOate and S-nitroso-N-acetyl-penicillamine. Mitotic chromosomal analysis indicates that the hypersensitivity is caused by a significant increase in the level of induced chromosomal breaks. The data reveal the critical role of TLS polymerases in cellular tolerance to NO-induced DNA damage and suggest the contribution of these error-prone polymerases to accumulation of single base substitutions. (Cancer Res 2006; 66(2): 748-54) 
Introduction
Nitric oxide (NO) is generated by a variety of cells to regulate numerous biological processes, including signal transduction and macrophage-mediated immunity. However, excessive or prolonged exposure to NO may lead to a number of pathophysiologic processes including carcinogenesis (1, 2) . The carcinogenesis seems to be caused by accumulation of mutations rather than by promotion of tumorigenesis as previous studies have shown that NO induces mutagenesis both in vivo as well as in vitro (3) (4) (5) (6) (7) . In vitro studies indicate that NO itself is not very reactive with purified DNA. It can react in vivo with oxygen and superoxide to create potent DNA-damaging agents, reactive nitrogen species such as N 2 O 3 and peroxynitrite. NO-mediated oxidation products may cause direct deamination, oxidation, or nitration of bases, strand breaks, cross-links, and possibly inhibition of some repair enzymes (8) (9) (10) (11) (12) . It is believed that among these lesions, base damage and strand break seem to be the major lesion induced by NO (13, 14) . In fact, apurinic/apyrimidinic sites, products following base damage, are the earliest detectable lesion induced by NO in Chinese hamster ovary cells (4) . However, the mechanisms underlying the NO-induced mutagenesis have hardly been investigated because the vast majority of NO-induced base damage is quickly and accurately repaired by base excision repair. Furthermore, the genotoxic effect of NO could not be specifically addressed in in vivo experiments because the exposure of cells to high doses of NO provokes a wide variety of cellular responses involving signal transduction.
Large numbers of base damage and single-strand breaks arise daily as the genomic DNA is constantly assaulted by environment mutagens and cellular activities. Resulting DNA lesions are repaired by excision repair pathways including base excision repair, nucleotide excision repair, and single-strand break repair pathways (reviewed in ref. 15) . DNA damage, if left unrepaired, may arrest DNA replication, leading to double-strand breaks and single-strand gaps on the relevant sister chromatids. These lesions are processed by two major postreplication repair pathways: homologous recombination repair and translesion DNA synthesis (TLS; ref. 16 ). Homologous recombination releases the replication block by facilitating DNA synthesis using the other intact sister as a template strand whereas TLS fills a daughter strand gap, employing a number of specialized error-prone DNA polymerases, including PolD (Rad30), Poln, Polu, Pol~, and a regulatory protein, Rad18 (reviewed in ref. 17) . A defect in homologous recombination or TLS results in an increase in the level of double-strand breaks, which can be evaluated by counting chromosomal breaks in mitotic cells. Double-strand breaks that arise during replication are preferentially repaired by homologous recombination whereas ionizing radiation-induced double-strand breaks are mainly repaired by nonhomologous end-joining in mammalian cells (reviewed in ref. 18) .
Pol~seems to play an important role in TLS because DT40 cells deficient in Pol~display hypersensitivity to a variety of DNA damaging agents, including UV, X-rays, H 2 O 2 , monofunctional alkylating agent (methyl methanesulfonate), cross-linking agents such as cisplatin and nitrogen mustard, 4OH-estradiol, and tamoxifen, an antiestrogen agent (19) . Pol~is composed of two subunits, Rev3, the catalytic subunit, and Rev7. In addition, genetic studies with yeast and DT40 cells have shown that Pol~may intimately collaborate with Rev1 to perform TLS (ref. 20 ; reviewed in ref. 21 ). Rev3 plays an essential role in genome maintenance in mammals as the disruption of the Rev3 gene in mice results in early embryonic lethality (22) (23) (24) . In yeast, Pol~is the major source of base substitutions and frameshifs not only after exogenous DNA damage but also during physiologic cell cycle (ref. 25 ; reviewed in ref. 21) . Although the contribution of mammalian Pol~to spontaneous mutagenesis has remained elusive, the critical role for Pol~in genome maintenance as well as its error-prone character suggests that Pol~may play a dominant role in spontaneous mutagenesis.
We here examined the toxicity of NO toward cells using a panel of gene-disrupted DT40 clones deficient in DNA repair pathways. DT40 cells possess a number of advantages as a tool for studying the DNA repair pathway that is coupled with DNA replication (reviewed in ref. 26) . First, because f60% of cycling cells are in S phase, exogenous DNA damage may have a direct effect on DNA replication. Second, the absence of functional p53, which induces apoptosis on DNA damage, seems to contribute to a sensitive evaluation of genome instability by measuring chromosomal breaks in mitotic cells because cells carrying double-strand breaks can enter the M phase without stimulating the apoptosis pathway. Thus, DT40 cells allow us to reliably identify the environmental mutagens that cause replication block by simply doing chromosome analysis, as we previously showed the genotoxic potential of tamoxifen (19) . Our present study proves that Pol~is a critical factor for tolerating NO toxicity and prevents chromosomal breaks probably by releasing replication block at NO-damaged template strands.
Materials and Methods
Chemicals. Spermine NONOate (SPER/NO) was obtained from Sigma (St. Louis, MO). Spermine and S-nitroso-N-acetyl-penicillamine (SNAP) were purchased from Wako (Osaka, Japan). Stock solutions of SNAP (1 mol/L) and SPER/NO (1 mol/L) were prepared freshly every time before use in DMSO and 0.1 mol/L NaOH, respectively. Stock solution of spermine (1 mol/L) was prepared in PBS and stored at À20jC.
Cell lines and cell culture. Cell lines used in this study are listed in Table 1 . Some of these phenotypes have been previously described (27) (28) (29) (30) (31) (32) . Cells were cultured as described before (28) .
Colony formation assay. The colony formation assay was done as previously described (28) . Cells (1 Â 10 5 ) were incubated at 39.5jC in 1 mL of complete medium containing the NO donor for 1 hour. The cells were also treated with 1% DMSO or 1% 0.1 mol/L NaOH as control.
Measurement of cell cycle distribution. Cells (5 Â 10 5 /mL) were treated with 2 mmol/L SPER/NO or 4 mmol/L SNAP in the complete medium for 1 hour, and then washed with PBS twice. Cells were labeled for 10 minutes with 20 Amol/L 5-bromo-2V -deoxyuridine (BrdUrd) and subsequently harvested every 3 hours. Harvested cells were fixed and analyzed as previously described (33) .
Measurement of the length of cell cycle using BrdUrd pulse-chase labeling. Cells (5 Â 10 5 /mL) were labeled for 10 minutes with 20 Amol/L BrdUrd. Cells were washed with PBS once and treated with 2 mmol/L SPER/ NO in the complete medium for 1 hour, followed by washing with PBS twice. Cells were harvested every 2 hours. Harvested cells were fixed at 4jC overnight with 70% ethanol and analyzed as previously described (28) .
Analysis of chromosomal aberrations. Karyotype analysis was done as previously described (33) . Briefly, 5 Â 10 5 cells/mL were treated with 2 mmol/L SPER/NO in the complete medium for 1 hour and harvested every 3 hours. To enrich mitotic cells, cells were treated with 0.1 Ag/mL of colcemid (Invitrogen, Carlsband, CA) during the final 3 hours before harvest. A portion of the fixed cells was dropped onto a wet (with 50% ethanol) glass slide and immediately flame dried. The slides were stained with 3% Giemsa solution at pH 6.4 for 20 minutes. Chromosomal aberrations were assessed by microscope.
Measurement of NO-induced sister chromatid exchange levels. Measurement of sister chromatid exchange (SCE) levels was done as previously described (34) . Briefly, cells were treated with 25 or 50 Amol/L of SPER/NO for the last 8 hours of incubation with 10 Amol/L BrdUrd for 18 hours. The cells were also treated with 0.1 Ag/mL of colcemid for the final 2 hours of the incubation to enrich mitotic cells.
Results
rev3 cells are sensitive to NO. To comprehensively investigate NO-induced damage response, we exposed a panel of genedisrupted clones (Table 1) to NO and evaluated cellular response using a colony survival assay. Figure 1A shows a representative of this assay wherein REV3À/À (hereafter called rev3) and wild-type cells were treated for 1 hour with different concentrations of SPER/NO, which has been widely used as a NO donor. As a control, the cells were treated with spermine, which does not release NO (Fig. 1B) . Interestingly, rev3 cells exhibited marked increase in sensitivity to 1 to 3 mmol/L SPER/NO when compared with wild-type cells (Fig. 1A ) whereas neither rev3 nor wild-type cells showed elevated sensitivity to the spermine control (Fig. 1B) . Thus, NO may be responsible for the observed hypersensitivity of the rev3 mutant. To confirm this conclusion, the cells were exposed to another NO donor, SNAP, and rev3 cells also exhibited significant hypersensitivity (Fig. 1C ). These observations support the idea that Rev3 plays a key role in tolerance to genotoxicity caused by NO.
To further evaluate the effect of NO, we exposed cells to a lower concentration of SPER/NO for different periods, ranging (37) from 45 to 135 minutes, and subsequently measured their plating efficiency in NO-free medium. It is known that the release of NO from SPER/NO declines to half every 39 minutes on addition of the agent to the culture medium whereas the half-life of released NO is around a few seconds in the medium. The colony survival of rev3 cells, but not of wild-type cells, was reduced nearly exponentially as incubation time with NO was linearly increased (Fig. 1D) . The data are consistent with the idea that released NO causes DNA damage that may be processed by Rev3-dependent mechanisms.
Using the colony formation assay, the sensitivity of other genotypes to NO was measured. The relative sensitivity of each genotype is shown by calculating the LD 50 (i.e., the dose of NO that reduces the cellular viability to 50% in the colony formation assay; Fig. 2A and B) . As expected, rev1 cells exhibited NO sensitivity very similar to that of rev3 cells, which is in agreement with previous results (20) . Among the TLS-deficient gene-disrupted clones, neither polg nor polj clones were sensitive to NO. To assess the role of base excision repair in cellular response to NO, we examined fen1, polb, and parp1 cells, which are all partially defective in base excision repair (32) . 4 fen1 cells, but not polb or parp1 cells, showed a slight increase in NO sensitivity. We may have failed to identify the important contribution of base excision repair to cellular tolerance to NO presumably because complete depletion of base excision repair seems to be lethal to the cells (35) . To investigate the roles of two major double-strand break repair pathways, homologous recombination-deficient rad54 and xrcc3 cells as well as nonhomologous end-joining-deficient ku70 and DNA-pkcs cells were analyzed. These mutants did not show hypersensitivity to NO, which is apparently different from the high sensitivity of each polf, ku70, and rad54 mutant to tamoxifen (19) . Likewise, atm cells, which are defective of double-strand break-induced damage checkpoint (36, 37) and susceptible to oxidative stress (38), did not display hypersensitivity to NO treatment. The fancd2 mutant exhibited only little sensitivity, if any, although previous reports indicate generation of interstrand cross-link by NO (11) and that FancD2 is involved in cellular tolerance to cross-linking agents (39) . In summary, significant increase in NO sensitivity is detected specifically in the rev1 and rev3 mutants.
NO treatment induces extensive G 2 phase arrest. To understand the causal relationship between the rev mutation and NO hypersensitivity, we first studied the effect of NO treatment on cell cycle and cell death. To this end, cells were treated with either 2 mmol/L SPER/NO or 4 mmol/L SNAP for 1 hour, wherein the colony survival was reduced to 40% to 50% in wild-type and to 5% to 6% in rev3 cells (Fig. 1A and C) , and their cell cycle progression was followed every 3 hours up to 32 hours using BrdUrd pulse labeling. Figure 3A shows representative cell cycle distribution of wild-type and rev3 cells at 18 and 32 hours after SPER/NO or SNAP exposure. Transient cell cycle arrest in the G 2 phase is a common checkpoint response to DNA damage in DT40 cells as ionizing radiation causes G 2 arrest for up to 2 hours (36, 37). To our surprise, in marked contrast with only a 2-hour delay in G 2 following ionizing radiation, cell cycle delay in the G 2 phase persisted for a more extended time after both SPER/NO and SNAP treatment ( Fig. 3B and C) . Cell accumulation in G 2 reached the maximum at 12 hours and remained up to 18 hours after NO donor treatments in both wild-type and rev3 cells.
We also evaluated the effect of NO on the cell cycle by a pulsechase experiment (Fig. 3D) . Following exposure to SPER/NO, both BrdUrd-labeled wild-type and rev3 cells began to enter the next mid S phase at 10 hour, which is 2 hours longer than for the normal In wild-type cells, the cell cycle had almost fully recovered by 32 hours whereas increased cell death (sub-G 1 ) was observed in rev3 cells (Fig. 3A) . These observations support the idea that NO may cause DNA lesions that are left unrepaired in rev3 cells, resulting in activation of G 2 checkpoint. This accumulation in G 2 eventually leads to cell death correlating well with the reduced plating efficiencies that we observed in the colony formation assays (Fig. 1A and C) .
PolZ-deficient cells exhibit significant increase in the level of NO-induced chromosomal aberrations. To understand the cause of cell death, we measured cytologically detectable chromosomal breaks in mitotic cells. To this end, asynchronous populations of wild-type and rev3 cells were exposed to 2 mmol/L SPER/NO for 1 hour and mitotic cells were subsequently harvested every 3 hours. Cells that were treated with SPER/NO in the G 2 phase can enter the M phase within 3 hours. Interestingly, wild-type cells showed a biphasic pattern of induced chromosomal breaks; two peaks were detectable at 0 to 3 and 6 to 9 hours (Fig. 4) , indicating that exposure of cells to NO in G 2 and S phases may significantly induce chromosomal breaks, which are repaired with time. Likewise, rev3 cells also exhibited biphasic pattern with the latter peak appearing at 12 to 15 hours after SPER/NO exposure. Remarkably, in rev3 cells, the vast majority of NO-induced chromosomal aberrations were of isochromatid type wherein two sister strands were broken at the same sites. Furthermore, the level of chromosomal aberrations at the second peak was significantly higher in rev3 cells than in wild-type cells. In summary, Pol~can prevent chromosomal breaks induced by NO in cycling cells.
Replication block can be released by homologous recombination and TLS, which seem to function complementarily to each other (27, 40) . In fact, TLS-deficient cells, such as rad18 and polf cells, consistently show increased levels of spontaneously arising SCE (27, 40) , which may reflect homologous recombination associated with crossover (34) . Following SPER/NO treatment, marked induction of SCE events was found in wild-type cells whereas only a few SCEs were induced in rev3 cells (Fig. 4B ). These observations may shed light on the complex actions of Pol~in cellular tolerance to NO-induced DNA damage.
Discussion
Here we found that the gene-disrupted, TLS mutant polf cells are hypersensitive to two NO donors, exhibiting marked increase in chromosomal breaks. NO concentration in the medium in the present experiments is 20 to 30 Amol/L, which is f10 times higher than the local NO concentration wherein macrophages are stimulated at the site of inflammation (41, 42) . Thus, prolonged in vivo exposure to this level of NO generated from macrophages is expected to be well compatible with 1-hour exposure to the NO concentration used in this study. We therefore conclude that substantial quantities of NO generated by chronic inflammation may in turn lead to unwanted collateral damage to normal neighboring tissues, including DNA damage and resulting replication block, which occasionally leads to chromosomal breaks as shown in this study.
NO-induced DNA damage leads to prolonged G 2 arrest. The data from the pulse BrdUrd labeling and pulse-chase experiments indicate that the effect of NO treatment on each cell varied remarkably, with some cells restarting the cell cycle after only 2 hours of delay (Fig. 3D ) and the majority of the cells staying in the G 2 phase for >12 hours ( Fig. 3B and C) . Furthermore, whereas recovery from the G 2 arrest began at a similar time in both genotypes, the recovery tended to take longer in rev3 cells (18 hours) than in wild-type cells (12 hours). Such marked divergence in the extent of G 2 arrest among individual cells was not found following other genotoxic stressors such as ionizing radiation (36) . Another difference between the NO treatment and ionizing radiation is the extent of cell killing relative to that of transient cell cycle arrest. Despite the marked cell cycle delay in the G 2 phase following exposure to the NO donors, substantial fractions of wild-type cells appeared to restart cell cycling as 1-hour exposure of wild-type cells to 2 mmol/L SPER/NO reduced the colony survival to only 40% to 50%. This is in contrast with ionizing radiation-induced G 2 arrest wherein LD 40 to 50% dose of ionizing radiation (i.e., 2 Gy for wild-type cells) results in modest G 2 delay only up to 2 hours in DT40 cells (36, 37) . Presumably, the prolonged G 2 arrest may be attributed to altered protein function and gene expression involved in cell cycle progression (43) , DNA repair (12), or replication enzymes (44) . Alternatively, compared with ionizing radiation, NO may induce a larger number of less toxic DNA damage that blocks DNA replication. In this scenario, NO-treated cells would stay for a longer time in the G 2 phase to complete DNA replication. The longer G 2 arrest in the absence of Rev3 is in agreement with the notion that Pol~contributes to DNA replication as a TLS polymerase.
Rev3 releases NO-induced replication block. NO-induced chromosomal aberrations exhibit a couple of unique characteristics. Mitotic cells displayed a biphasic pattern of chromosomal aberrations after an asynchronous population of wild-type cells were transiently exposed to the NO donor, with the first and second peaks appearing at 3 and 9 hours. Because a majority of the mitotic cells that enter within 3 hours should have been exposed to NO in the G 2 phase (27), an increase in the level of chromatid breaks at 3 hours suggests that NO may directly induce double-strand breaks. Wild-type and rev3 cells showed similar levels of chromatid breaks, indicating that Rev3 is not involved in double-strand break repair. This observation is in marked contrast with the significant increase in ionizing radiation-induced chromosomal breaks in rev1 and rev3 cells compared with wild-type cells (20, 27) . The second peak likely reflects double-strand breaks caused by replication block at NO-induced lesions. The second peak observed in polf cells differs from that in wild-type cells in the following two points. First, a higher peak appeared at a later time, 15 hours post-NO treatment. This delayed appearance of the second peak is consistent with longer retention of cells in the G 2 phase in rev3 cells compared with wild-type cells. Second, a majority of the chromosomal aberrations at 15 hours in rev3 cells were isochromatid-type breaks. This observation is in contrast with the data that cisplatin mainly induces chromatid-type breaks (45, 46) . There are three possible explanations for the occurrence of isochromatid-type breaks: (a) double-strand breaks or interstrand cross-link at template DNA for replication; (b) defective resolution during homologous recombination between sister chromatids (47); and (c) replication collapse at DNA replication block. Because DT40 mutants defective in double-strand break repair, such as rad54, ku70, and DNA-pk, or mutants defective in interstrand cross-link repair, such as fancD2, did not show significant sensitivity to NO, the first explanation is unlikely. The second explanation assumes the involvement of Pol~in the resolution of homologous recombination although this notion is not supported by any biochemical study on yeast Pol~. Finally, supposing that NO, but not cisplatin, may inhibit DNA repair or replication enzymes, replication machinery would be more susceptible to breakdown especially in the absence of TLS polymerase. This notion may explain that different types of chromosomal breaks are induced by NO and cisplatin. Obviously, further study is required to understand the inhibitory effect of NO on enzymes involved in DNA metabolism.
We found a significant increase in the level of SCE induced by NO in wild-type cells. This indicates that NO treatment may increase the number of DNA lesions that are left unrepaired before replication. These unrepaired lesions result in the stalling and collapsing of replication forks, which have to be restarted by homologous recombination using the other intact sister-chromatid as a template. rev3 cells showed fewer SCE compared with wildtype cells after NO treatment. This can be explained by reduced homologous recombination functions because Rev3 as well as PolD plays a role in some homologous recombination reactions (27, 48) .
PolZ is involved in cellular tolerance to NO-induced DNA damage and accumulation of mutations. NO and its oxidative products induce deamination, nitration, and oxidation of guanine, producing xanthine, 8-nitro-guanine, and 8-oxo-guanine, respectively. In particular, xanthine and 8-nitro-guanine are unstable in DNA and can be quickly converted to apurinic/apyrimidinic sites through depurination (9) . Apurinic/apyrimidinic sites might be the major lesion that requires Pol~for efficient TLS although the exact role of mammalian Pol~in TLS remains to be elucidated because no biochemical study has successfully reconstituted its polymerase activity. Studies in yeast have shown that Pol~can efficiently bypass abasic sites by extending from nucleotides inserted opposite the lesion by other TLS DNA polymerases (49) . Likewise, Pol~may be involved in the extension step in higher eukaryotic cells. Pol~-dependent TLS past apurinic/apyrimidinic sites likely results in extensive accumulation of point mutations. Indeed, G:C to T:A transversion is the most common form of base substitution induced by peroxynitrite (50) and most frequently seen in p53 gene from liver and lung cancers (51) . Future biochemical study on Polm ay allow for evaluation of the contribution of Pol~to each type of single base substitutions.
NO seems to be associated with progression of Alzheimer's disease (52) . The data imply that NO damages neurons not only by affecting signal transduction but also by increasing base damages in a Pol~-dependent manner, although the role of Pol~in resting cells remains to be defined. In addition to the pathologic role, NO recently has been considered as a potential therapeutic agent for cancer (53) . To screen for better agents that have less mutagenic potential, the Pol~-deficient DT40 would be useful because of rapid proliferation and relatively stable phenotype even in the absence of Pol~.
